Introduction
White light-emitting diodes (WLEDs) can offer benefits in terms of high luminous efficiency, energy-saving, maintenance and environmental protection, therefore, they are called the next-generation solid-state light, the replacement of conventional incandescent and fluorescent lamps. Recently, remarkable progress has been made in the de- * E-mail: xuelh@mail.hust.edu.cn velopment of WLEDs using InGaN chips whose emission bands shift to near-UV [1] [2] [3] [4] . Because UV-LED can offer a higher efficient solid-state light [5] , more and more attention has been paid to the development of new phosphors that can be excited in the range of near-UV (370-420 nm) due to the necessity of increasing the efficiency of white light emitting solid-state devices [6] . Therefore, the phosphors in LEDs should have high absorption of UV or blue light [7] . It is well known that Eu 2+ exhibits strong broad absorption crossing over 400 nm due to the 5 -4 transition in many lattice sites [8] [9] [10] [11] , which crosses over the emission wavelength (400 nm) of near-UV InGaN-based LED. So, doping Eu 2+ into different compounds can shift the special location of the absorption and emission bands. To find novel efficient bluish-green emitting phosphors applied in near-UV LED, Ba 2 ZnSi 2 O 7 was chosen as the host for Eu 2+ ions doping in this paper. The compounds A 2 BSi 2 O 7 (A = Ca, Sr, Ba, B = Mg, Zn) show excellent thermal and hydrolytic stability and were considered to be efficient luminescent hosts [12] [13] [14] [15] [16] . However, to the best of our knowledge, there is no report on the research of Ba 2 ZnSi 2 O 7 :Eu 2+ for potential application as a bluegreen phosphor. It is well known that B 3+ can enhance the luminescence intensity at low concentration [17] [18] [19] [20] . In the UV-LED phosphor, the enhanced luminescence intensity is needed. The synthesis method of commercial phosphor is a conventional high temperature solid-state reaction. The crystalline granules fabricated by this method should be crushed so that they become tiny enough to be coated, but the luminescence efficiency will generally decrease owing to the presence of crystalline surface defects. The necessity of high-temperature post-annealing remains as a technological drawback of this process. A recent report showed that such post-annealing can be avoided [21] , and further optimization in this direction is desirable. Combustion synthesis is a promising method particularly for low ignition temperature, short time consumption and direct crystallization of small-sized particles [22] [23] [24] . In the present work, we synthesized the (Ba 1 95 Eu 0 05 )ZnSi 2 O 7 :B 3+ blue-green emitting phosphor by combustion synthesis and investigated its luminescent properties. Furthermore, the influences of the ratio of boric acid to zinc nitrate and the post-annealing temperature on the luminescent properties of the phosphors have been investigated in detail. The mixture solution was allowed to react at 80°C for 2 h to obtain a homogenous solution. And then the solution was introduced into a muffle furnace preheated at 600°C. Within a few minutes, the solution boiled and was ignited to produce a self-propagating flame. The product obtained was post-annealed in a reducing atmosphere at various temperatures ranging from 700 to 1100°C.
Experimental

Synthesis
Sample characterization
The synthesized phosphors were ground to powder and passed through a 200 mesh sieve prior to the characterization. The crystal phase of the synthesized powders prepared in the process was characterized by X-ray powder diffraction using an X'Pert PRO X-ray diffractometer having a Cu K α radiation (λ = 1.5406 Å) at 40 kV tube voltage and 40 mA tube current. The XRD patterns collected in the range of 10° 2θ 90°. The morphology was observed using Quanta 400 Field emission electron microscopy (FE-SEM). The emission spectrum was performed on a RF-5301 fluorescence spectrophotometer equipped with a xenon discharge lamp as an excitation source. The excitation and emission slits were set to 3.0 nm. The absorption spectra were measured using a Hitachi U-3010UV-vis spectrophotometer. All the above measurements were taken at room temperature.
Results and discussion
Phase composition of the obtained phosphor
The stoichiometric composition of the redox mixture was calculated based on the total oxidizing and reducing valency of the oxidizer and the fuel. For the combustion synthesis of oxides, metal nitrates are employed as oxidizer and urea is employed as a reducer [24] . With the calculation of oxidizer to fuel ratio, the elements were assigned formal valences as follows: Ba = +2, Zn = +2, Eu = +3, Si = +4, B = +3, C = +4, H = +1, O = -2 and N = 0. Accordingly, the oxidizer and fuel values for various reactants are as given below: For complete combustion, the oxidizer and the fuel serve as a numerical coefficient for the stoichiometric balance, so that the equivalence ratio is equal to unity (total oxidizing valency / total reducing valency (O / F) =1), and the maximum energy is released [26] . Thus, the molar ratio of the reactants taken is 1 Owing to the combustion process, the solution boiled and dehydrated, followed by decomposition with escape of large amounts of gases (oxides of carbon, nitrogen and ammonia), then spontaneous ignition occurred and underwent smoldering combustion with enormous swelling. The whole combustion process was over within less than 5 min. After the combustion, the ashes were cooled to room temperature. Finally, the ashes obtained were post-annealed in reducing atmosphere at various temperatures from 700 to 1100°C. with an increase of post-annealing temperature. powders prepared at different post-annealing temperature in the range of 700-1100°C. The phosphor particles prepared at 700°C has lower photoluminescence intensity because of its poor crystallinity. The emission intensity increases with the increase of post-annealing temperature because of the improvement of crystallinity. However, the emission intensity decreases when the post-annealing temperature further increases to 1100°C. It may be due to excessive sintering and aggregation of particles, which agrees with the result supplied by SEM observation. Fig. 3 displays a typical field emission electron micrographs of the phosphor synthesized at 1000°C (Fig. 3a) , and 1100°C (Fig. 3b) . The micrographs reflect the basic particle morphology, where the smallest particle could be identified with the crystal and/or their aggregates. The particle sizes increase with the increasing of temperature because a higher temperature can significantly promote the growth of (Ba 1 95 , Eu 0 05 )ZnSi 2 O 7 :B 3+ particles and lead to excessive sintering and aggregation of particles.
Influence of boric acid
A minor amount of H 3 BO 3 was introduced as a flux in the experiment since it was proved to be effective in stimulating host lattice formation and grain growth in some studies [20, 28] . The molar ratio of boric acid to zinc nitrate was varied from 0 to 0.10. The effect of boric acid on the crystal structure of phosphors with post-annealing temperature at 1000°C is shown in Fig. 4 . The phosphor powders showed that all the peaks were due to the Ba 2 ZnSi 2 O 7 phase and no other crystalline phase was de- tected when the molar ratio of boric acid to zinc nitrate was varied from 0 to 0.06. It indicates the doped B 3+ has little influence on the host structure. And the peaks become sharper with the increase of boric acid content, which promotes the particles coarsening. When the molar ratio reaches acid is at 0.08 mol, a mixture of BaB 4 O 7 and Ba 2 ZnSi 2 O 7 can be obtained. with that of the Ba 1 95 ZnSi 2 O 7 :Eu 2+ 0 05 phosphor. Based on previous work [29] , an increase in the concentration of oxygen vacancies by codoping with B 3+ is responsible for the improvement of luminescence.
Luminescent properties
We have measured the UV-vis absorption spectra of the as-prepared (Ba 1 95 , Eu 0 05 )ZnSi 2 O 7 :B 3+ 0 06 crystals and estimated the band gap from the absorption inset in Fig. 6 . For a direct band gap semiconductor, the absorbance in the vicinity of the onset due to the electronic transition in given by the following equation [30] : where α is the absorption coefficient, C is the constant, ν is the photo energy and E is the band gap. The inset of Fig. 6 shows the relationship of (α ν) 2 
Conclusion
